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Design methods and apparatuses of photodiodes with adaptive 
structures to achieve smooth and wavelength-selective photo- 
responses 

BACKGROUND OF THE INVE^mON 

1. Field of the invention 

[0001] Jhls invention relates to adaptive photodlode staictures, of wliich design 
metiiods and apparatuses aiming at smoothing the photo-response and malting 
the photo-response having a peal< value at a specific wavelength ,-4hat-afe realized 
by the photodiodes with color-selective mechanisms and undor tho condition of 
without the use of extra color filters. 

2. Description of the prior art 

[0002] As tho progre ss of tho -photo-electronic technology progresses and the 
d e volopmont of tho internet develops, tho products of i mag i ng opp l ioationo ImaQina 
appiication products are welcome in the market where the image sensbis are the- 
doviooo of captur i ng utilized to capture ^ images^ such as i^vith the digital camera, 
scanner, PC camera, and video camera. It is obvious that the image sensors play 
an important role in modern lives. However, during the manufaoturo prooooo of 
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th© image sensor m^nMfacturinq Rr9PQ.nfi it is qt^ possible for us to fabricate <he 
pholodlodes with that conoing sgnss different colors, such as red, green and blue^ 
only by meaBfr** tJtilisiDfl color filters. Since each photodlode only senses a 
specific color, ttw a back-end image processing mechanism is used to restore the 
original color image. Howovor. on ono hand the Ihe existence of color filters 
causes the a decrease of the photo-responses of the photodiodes whoroas on tho 
other hand and it also makes the fabrication process more complex and thus 
increases the fabrication cost. 

[0003] The image sensor could be subdivided into two pans; ef the front-end 
photodlode array and the back-end signal processing circuity where Its architecture 
could be Illustrated^ as shown in Fig. 1. Each photodlode is connected to an 
amplifier, which transfers the captured Image signal into the electrical signal. 
Additionally, the overall photodlode array Is arranged by using the red, green and 
blue photodiodes as shown in the Fig. 1 according to the perceptual principle of 
human vision. As for the signal processing part. It comprises the decoder, timing- 
control unit, compensating and synthesizing circuit, etc. From the Fig. 1 , It eeul^ 
£2Q be seen that the photodlode plays the transfonnation from photon to electron, 
and this Invention proceeds innovative design aiming at the photodiodes of the 
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image sensor. 

[0004] q^j© ^ conventional color photodiod© Is shown in Fig. 2, which io to add 
""^^^y a layer of material with a light-filtration effect weft Is added to earh 
photodiode ao wol l go the gonorol otandard prooooo to yield oaoh co l or . Such 
fabrication method makoo tho cregtesa photodiode tevmq-a with a large response 
toward a specific wavelength and a te ssoning lesser tho rooponsos response ©f jq 
the unwanted wavelengths, ef wh i ch oporation I o to fi l ter thereby filtering out the 
unwanted wavelengths of the incident light. Let's take the common-used red, green 
and blue filters as an example, their color photodiodes showing the photo- 
responses as shown in Fig. 3. However, such fabrication method has the following 
drawbaclcs. 

[0005] (1 ) The fabrication process requires th© extra steps in addition to tlw- 
orig i nal standard proocGo. That is to say, tho o?(tra oovoral additional masks are 
required when the color filters are added on top of the common-used standard 
fabrication process, which increase the manufacture cost. 
[0006] (2) Most of the incident light is absorbed and reflected during the 
process of passing through the color filter, which decreases the photo-response of 
the photodiode as well as makes inferior influence upon the characteristics of the 
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devices. Hence, one extra process of micro lens is included for the commonly- used 
color filter to focus incident light with the purpose of increasing the induced current. 
[00071 (3) In order to meet the requirement of sensing different colors, the 
process must provide different color filters which increases the degree of difficulty 
on the fabrication process. To intogratod with the m i oro l onot th e fabrication prooooo 
should bo mod i f i od in o?<tra In order to int e grate tha micro lens with the fabricatinn 
process, the fabrication nmcess must be additionally modified when there Is a 
larger degree of alteration for the sensing area of a photodiodo that yields a better 
response under a specific curvature radius of the lens. 

[0008] In fad, despite of the above-mentioned three drawbacks, since each 
photo-sensitive material of a photodiode has non-uniform responses toward 
different wavelengths of incident light, the color filter should be designed by taking 
into consideration the photo-sensitive characteristics of the material itself. On the 
other hand, the back-end color compensation circuit is developed with oonsidoring 

based on the characteristics of the color filter, mainly the transmission rate of 
incidence light, which makes the overall design more complicated. 
[0009] From the above-mentioned, it is understood that there still are many 
drawbacks in the conventional fabrication process which needs to be improved. 
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The inventors of this invention, due to understanding each drawback derived from 
the conventional cotor photodiodes. tried to improve It by studying hard for many 
years, and finally they successfully accomplished the research of the photodiodes 
with adaptive structures to achieve smooth and wavelength-selective photo- 
responses of this invention. 



Field of the invention: 

[0010] To sum up, the above-mentioned describes soma drawbacks of the. 
currently-used color image sensors, which arc required to bo improvod whoro thio 
Ttus invention provides the method and apparatus of Improving them by the 
following ways. 

[0011] (1) To mako tho oomponsat i on dooign toward oaoh photod i odo.to havo 
tho smooth photo - rosponoo in tho yic i blc wavo i ongth by adapting tho o i ao of tho 
photodiodo aroa and tho ga i n of tho photodiodo amp li f i or, tho doc i gn of tho back 
end oolor oomponcat i on o l rou i t cou l d bo o i mp l lf i od: - Several different gains of 
Photo signals are accumulativaiv ad ded so as to imorovQ tha uniformity of phr^ ^.^- 

ri^?PQnses (see Fiq.16). in such a w av the comnlexitv oi tha color processing 

cjrQMit Is reduced. There are two m ethods for obtaining different photo sionai 
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gains, ope is to adjust the size of the nhntnrllnrt ^ area: the Qthftf is to van/ the gain 
fl i thp bgck-gnd amplifier cirouit. With th» t wo methnris the different ohoto sinnal 
flains <?^n l?g obtained feee Rq. 1 7>. Aftar that hy a ccumulath/^li/ adding the Dhotf> 
signal? Qf different gains thereby obtaininn d esired photo islQnals te^R Fiq , ^ff) 
[001 2] (2) Tho doo i gn mothod of tho opt i miaod photodiodoo io dovdopcd by- 
off a rtivoly ut il ia i ng oomo phyoloal oharootorlot l oo of tho prooooo pgramotorc 
oompr i ping how to ocQuiro tha nmv i m i tm phntn mrpnnr^ ^* » "P ' ^^if i ? wjvo l ongth. 
[0013] (3) I n p r n npoot of tho prooooo toohnology, th i o invontlon previdoo tho 
way of utilia i nQ tho muttio l o PN i i mnt i nno rfn,.iQ^ n lnp t i - i x photodi o doc. By 
ut i Uzino euoh flpproaoh. tho riiffnrnnt ph<^t^^>■p^^f>p|Tnnnn w i thin n ui adaptlvo 
photod i odo oouid bo obta i ned whon thio pholodiodo ic i mplomcntod by a ft- 
adoquato l ayout. - This invention provides a wav of utiliyinn fabricatinn process of 
multiple PN junctions so as to realize design of Hdaotive ohotodiode for ohoto- 
r?8p9ns&fsea F|q.19), and a switch Is eouln n ed on each laner to sen/a for selecting 
PN iunctioos according to Its different switching states ^see Fio.23> that generate 
different photo-responses. In this m anner the color filter function is not necessaiv 
for realizin g multi-color pixels. 

1001 4] The above-mentioned three ways improve tlie drawbacks mentioned 
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before. The first one improves the issue of non-ur»iform photo-responses at different 
wavelengihsfe 4ba* ThaLcan be beneficial to the simpiif {cation of the back-end 
color compensation circuity ^ whoroao the The second and third ««es wavs 
rnentionei;! above ar&4& overcome the drawbacks brow^ created by the color 
filters . _|n the present invention tha n^ior filter funntinn nf »,hi^h f..r,nf.»» i« replaced 
by the adaptive photodiode with a wavelength-selective photo-response. 

Detailed description of this invention: 

[0015] F i rst i t ic ill u e tratod th-^t thir irnrnntinn Hr.ri,,,^n thr photodiodo modol 3C 
wel l go oxploroo tho inf l uonco of phyrinn i p^rimnfnp- fflp phntQci j od o toward the 
ph oto - rooponco. Nmd^to docign tho photodiodo by uti l laing tho phonomona 
dicoovorod from tho phyoioa l paramotofOi tho oo l or photod i odoo c an bo 
aooompl l shod w i thout odor fi l toro undortho otandard fabr i cation proooooi Rnally, 
tho photod i odoo of th i o Invont i on aro rcal i aod through oevora l chipg fabrioatod by 
TSMC (Taiwan Somloonduotor Manufactory Company). The present inventor 
the harbinger who discloses the idea of accumulati vely addlno ohoto signals 
including different sizes of the photod iode area and the different gains of the back- 
end amplifiers of the ph oto pixels so as to nerfnrm a compensated design for 
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multicolor pixels Of different resnonses. in ih}<, wav tho laym it of the baekend f;oinr 
compensating circuits can be simolifiari For th^ fahrjcatton tenhnigue. the present 
invgntlpn sets forth a new idea employi no multllavered PN iunetions to fom} 
adaptive color photo pixels. With such a fghrinatlon proeass. only bv skillfully 
arranoing chip layout, a variety of photo m s oonses can be achieved which is abia 
to be Plotted in a form of a continuous cu rve on the nraph. In the above two 
methods, the first one achiev es the purpose of simplifvino the back-end color 
compensating circuit desig n bv improving non-uniform responses of individual 
frequency bands: and the secon d one realizes creating the color photo pixels^ 
without the need of a color filter. 

1 Introduction to the basic principle of this invention: 
[0016] Before presenting the design methods and apparatuses of this Invention, 
f i rot It I c cimp l y i l l uotratod toward the basic principle of this invention are described^ ; 
the principle derivation and model simulation of the photo-response of the 
photodiode. 

[0017] The reason why tho photo current is produood comes from gonorating - 
tho o l ootron hoto pa i r oxo i tod by th e inoidont l ight. Photo-current is produced when 
Incident light excites an electron-hole nair and neid then soparating separates the 
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electron-hole pair by using the voltage potential on both ends of *he N-type and P- 
type semiconductors to yield the photo-current. The whole process Is shown in Fig. 
4. Here, there are two main sources for the production of the photo-currents: the 
first one comes from the diffusion current caused by the uniform distribution of the 
carrier concentration beyond the depletion region, and the second one comes from 
the electric field within the depletion region where the electric field separates the 
electron-hole pairs produced by induction to generate the drift current. 
[0018] Next the photon flux, which is defined to be the number of the electron- 
hole pairs excited within the unit area under a specif ic incident light, is represented 
by (po in the following equation, 

^'^ aT^ 

where Pm is the energy of the incident light, R(A) represents the reflecrtlon rate of 
the incident light that is the a function of wavelength, A is the light shading area, h 
represents 4be Planck;s constant, and v represents the frequency of the incident 
light which eeuld SSR be obtained by ^^titizins taking the velocity of light divided by 
its wavelength. The subscript symbol of cpo in the Eq.(2.1 ) represents the 
relationship between the photon flux witi:* to the distance from the lighted surface^ 
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Which is illustrated in Rg. 5. If cpo is the photon flux on the lighted surface, then the 
photon flux will be decayed exponentially along with the distance from the lighted 
surface. If cp^ represents the photon flux on distance xfrom the lighted surface, then 
q>x could be represented as the following equation, . 

(2.2) 

[0019] The absorption coefficient a is an important parameter which is related 

to tlw a material. Since each material has a different energy band and the energy 

camed by the photons is inversely proportional to the wavelength of these photons, 

the energy carried by the photons should be larger than the energy band of the 

material such that it could be absoriDed by the material to yield the electron-hole 

pairs. The probability of the photons being aborted by the material conforms with 

the DrinclDles of the Gaussian distribution. If the energy carried by the incident 

photons is larger, then the chance of the photons carrying high energy being 

absorbed at the position near the surface is larger. Otherwise, if it is smaller, the 

chance is also smaller, so that it will be absori^ed on tho at a deeper position which 

te4ai: further away from the surface of the material, to yield the electron-hole pairs. 

Because tho onorgy of tho photons photon energy is Inversely proportional to their 

wavelengthri the longer the wavelength of the Incident llght-fer the deeper the 
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position the incident light is absorbect-at. Add i tlonol l v Conversely, the shorter the 
wavelength^©, the shallower the absomtinn pn.Qitinn » in ^1^^^,^^^^ ^iT Hence^ 
another physical parameter should be mentioned here: the absorption length 
fiogitjsiQ, by definition^ ft^etng is the reversal of the absorption coefficient 1/a, which 
means that at4»»d a_ fixed-wavelength incident fight, its energy is decayed to 1/e of 
the original ono initial energy after It passes through the distance of 1/a away from 
the lighted surface. The absorption tenetfr depth versus the wavelength of the 
incident light A is depicted in Fig. 6 aandb . From Fig. 6 a and b . it is clearly 
d i socvorod ghown that the longer the wavelength of the incident light is, the longor 
dsssSL its absorption tenftJ^deBJIite. In other words, the incident light with a longer 
wavelength penetrates to a deeper position before absorption. According to 4h© an 
experimental result, the relationship between Itis absorption coefficient a and the 
wavelength of the incident light A, taking the using silicon as the material, is 
formulated as below. 

logn,a = 13.2131-36.7985A + 48.1893A' -22.7562/1^ 

yfi^'^) 

[0020] According to the physical characteristics of the photodlode, the 
simulation of the photo-response is carried out by the following equations: 
(1 ) the thennal equilibrium equation of minor can-iers, 
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(2) the density equation of the photo current on both sides of the lighted 
material, 

(3) the continuity of minor carrier density and current density at the 
homogeneous materials, and 

(4) the concentration equilibrium equations on the boundary condition of the 
depletion region between the heterogeneous materials. 

Fig. 7 Illustrates fee a photodiode with the Nwell-Pepi-Psubstrate junction sta/cture 
by using the 1 P3M 0.5um CMOS epitaxial wafer process provided by the TSMC, 
whereas Fig. 8 shows the comparison between the simulation and the 
measurement results toward said photodiode. Fromjocults of Fig. 8| tho dorivod 
modo l io v e ry promlcing to oct i mato tho bohav l or of tho photo rocponco of tho 
photod i odo. The mode t results of Fig. 8 show that it is possible to estimate 
photodiode photo-responae behavior. 

2- The derivation and analysis of the simple model of this Inventionr ^ 
[0021] After simulation and derivation of the photo-response model of the 
photodiode, the impact of each parameter toward the photo-response should be 
understood. After understanding the impact of these related parameters toward the 
photo-response, the required design task could be preceded by utilizing such 
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Characteristics of which two main parameters are ion implantation concentration 
and ion Implantation depth. 

[0022] The concentration of fon implantation affects the magnitude of the photo 
current since the photodiode is operated under the reverse bias voltage. The minor 
carriers are attracted by the electric field inside the depletion region, then they pass 
through the depletion region quickly, and thus they eeul4 form the photo cun^ents 
efficiently. Hence, *e If there is^ larger the Ion implantation concentration of tion 
implantation ic, tho moro chanco tho rocomb i nation of minor oarriorc on tho path of 
drifting onto tho dop l ot i on region has go that tho number of minor oamonj which - 
forme tho photo current rolativoly roducos then there is a greater chance for minor 
carrier recombination on the drif t path into the depletion region, therebv relativelv 
reducing the number of minor ca nriers that form the photo current . The whole 
process js depicted in Rg, 9, where the black spots in the upper part of the figure fe 
are the major carriersr Wh i oh cou l d bo v i owod oo tho {concentration of Ion 
implantationrl and the white spots that represent the minor canlersr ^ whoroao in 
in the lower part the white spots could bo viewed - a e are the concentration of Ion 
implantation, and the black spots represent the minor carrier From Fig. 9, the 
number of ions being doped impacts upon the number of minor earners reaching te 
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the boundary edges of the depletion region. Fig. 10 illustrates the relationship 
between the ion Implantation concentration and the mean lifetime of minor carriers. 
From Fig. 10, It oould bo o l oariy canbgseen that the larger the concentration of 
ions being doped tey the shorter the mean lifetlrhe of the minor carrier 1% and thus^ 
the smaller the induced photo-currents are. 

[0023] The depth of ion implantation affects how the photodiode t© absorbs the 
wavelengths of incident light. Ref ening to the above-mentioned absorption length 
and Fig. 6, it eeul^ eao. be seen clearly that the light with a longer wavelength 
penetrates to the deeper junction, so the incident light with a longer wavelength can 
excite electron-hole pairs at the deeper region. However, to become photo-currents, 
the electron-hole pairs should reach to the boundary edges of the depletion region 
successfully such that they would be absorbed and transfomried to the photo- 
currents. In other words, the photodiode has a greater response toward tho with 
respect to incident light with a longer wavelength at the deeper region whereas for 
the shallower region it has a better response tewafd^ with respect to the incident 
light with a shorter wavelength. 

[0024] Fig. 1 1 shows the simulation results of the currents contributed by the 
three regions of the photodiode ae shown in Fig. 7. The depth of the junction 
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formed by the Nwell region is shorten more shadow, so it has a larger response 
toward a yyjth respect Xg shorter wavelength, wherein the peak value ot the photo- 
response occurs at a shorter wavelength. The depth of the junction formed by the 
Psubstrat© region is deeper, so the Psubstrate region has a better response toward 
the incident light with a longer wavelength, so the peak value appears In a longer 
wavelength. As for the magnitude of the photo-currents^ since the doping 
concentration In the Psubstrate region is lower than that in the Nwell region, a 
larger amount of photo-currents from the Psubstrate region are induced. As-weW Itl 
addition to ae reveaUna how the ion implantation concentration affects Ihe 
magnitude of the photo currents, another phenomena could be observed clearly^ ; 
the current contributed by the Psubstrate region is obviously larger than those 
contributed by the other two regions. The reason is that tho due to the depth in the 
Psubstrate region io too l ong . Due to a teH§ greater depth, a large amount of the 
photons are absorbed in the Psubstrate region, which makes the photo- response of 
the Psubstrate region being almost equal to the overall photo-response from the 
three regions. As for the magnitude of the current In the depletion region, it Is 
determined by the width of the depletion region. In general, the width of tho 
doplot i on rogion Iq within oovoral micron motoro^ go thoro ic li ttio for tho drift ourront 
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gonoratod from tho doplot i on rogion since the width of the deoletton region is only 
several micron meters, the amoun t of the drift current pmHuced is very smaW 
[0026] Two Ideas appoorfrom my thought horo emerge from the above 
m^ntlongsl discM^i^n. The first one is the nnethod to compensate non-unlfomi 
distribution of the photo-responses of the photodiode at different wavelengths. 
When the photo-responses that used to have low values at some wavelengths are 
efficiently increased, and these photo-responses at different wavelengths are 
integrated, a curve with unifonrt distribution of the photo-responses at different 
wavelengths can be obtained. This method can be useful to simplify the design of 
the color compensation circuit. From this we also conclude some design principles 
of the manufacture process to achieve the optimized photodiode with uniform 
distribution of the photo- responses at different wavelengths. The second idea 
comes from the requirement of removing the color filters. From the previous 
simulation results, it could be seen that the overall photo-response is obtaned by 
integrating the partial photo-responses at different wavelengths. Hence If we could 
find a method to independently obtain several partial photo-response, these photo- 
responses in one photodiode could individually show up under a contnji 
mechanism without using color filters. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The drawings disclose an Illustrative embodiment of the present 
invention which serves to exemplify the various advantages and objects hereof, and 
are as follows: 

[0027] Fig. 1 is tMe a framework drawing of the conventional digital Image 
sensor where the photodiode array using active pixel sensor cells In the CMOS 
process is taken as an example, and the R, Q and B color array Is arranged 
according to human vision. 

[0028] Fig. 2 is the an Illustrated drawing of the cross section of the 
conventional color photodiode where the micro-lens in the upper part is added to 
enhance the photo-response. 

[0029] Fig, 3 is the photo-responses of the red, green and blue color 
photodlodes, where the peak values of the photo-responses in these three 
photodiodes appear near red (650 nm), green (550 nm) and blue (450nm). The 
most upper curve in the figure is the photo-response of the original photodiode 
without using a color filter. 

[0030] Fig, 4 is the generation process of the photo-currents where the shaded 
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region is the depletion reaion yielding the drift current, and the other regions 
generate the diffusion currents, 

[0031] Fig. 5 is the relationship between the photon flux and the distance from 
the lighted surface showing exponent decay, 

[0032] Figs. 6 (a.) and rb^ show ie the relationship between the absorption 
lengths and the wavelengths A, where Fig. 6(a) is the absorption lengths at the 
wavelength from 400nm to lOOOnm and Fig, 6(b) is the scale-up view for the 
absorption lengths at short wavelengths. 

[0033] Fig. 7 is the Nweii-Pepi-Psubstrate junction of the photodiode in TSMC 
1P3M 0.5um CIVIOS epitaxial process. 

[0034] Fig. 8 is the simulation and measurement results of the photodiode In 
Fig. 7. 

[0035] Fig. 9 is the relationship between the concentration of ion implantation 
and the number of minor carriers where the white spots at the upper part represent 
the minor carrierB and at the lower part the minor carriers are black spots. 
[0036] Fig. 10 is the relationship between the concentration of ion implantation 
and the mean lifetime of the minor carriers where the horizontal coordinate unit 
represents the power with a base of 1 0, and It could be found that the larger the 
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concentration of ion innplantation, the shorter the moan lifetime of the minor carriers. 
[0037] Fig. 11 is the simulated photo-responses in three regions of the 
photodiode in Fig. 7. 

C0038] Fi£g. 12 LaX (b) and (c\ ^how ie the measured results of the photodlodes 
utilizing the TSMC 1 P3M O.Sum CMOS expitxial wafer process where the lines with 
black spots are the photo-responses of the photodiodes without color filters, and 
the lines with white spots are the photo-responses of the photodlodes with color 
filters. Fig. 12(a) Is the photo-responses of the photodiodes with and without the red 
filters, Fig 12(b) is the photo-responses of the photodiodes with and without the 
green filters and Fig 12<b>Xcl is the photo-responses of the photodiodes with and 
without the blue filters, 

[0039] Fig. 1 3 is the measured results of the color photodiodes. 
[0040] Fig. 14 is the unifomn distribution of the photo- response. 
[0041] Fig. 15 is the integrated photo-responses of the photodiodes to 
approximate the photo-response of Fig. 14. 

[0042] Fig. 16 is the photo-responses of the color photodiodes being linearly 
added where the gains of A1 , A2, and An could be accomplished by adapting 
the areas of the photodiodes or the gains of the amplifier circuits. 
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[0043] Figs. 1 7(a). (b) (q) fam ie4he block diagrams of adapting the areas 
of the photodiodes and the gains of the amplifier circuits where Fig. 17(a) shows 
the different photo sensing areas, Fig 17(b) shows the different gains of the back- 
end amplifier circuits and Fig. 1 7(c) shows the adequate areas and gains being 
integrated to achieve the smooth response. 

[0044] Fig. 1 8 is the structures of the photodiodes in TSMC 1 P3M 0.5um and 
TSMC 1 P3IVI 0.6um process. 

[0045] Figs. 1 d(a) and (b^ ie show the structures of the photodiodes with 

multiple PN junctions of this invention where the lighted surfaces in Fig, 19(a) and 

Fig. 19(b) are N-type and P-type semiconductors, respectively. 

[0046] Fig. 20 is the photodiode with two PN junctions which are formed by the 

Pdiffusion-Nwell and Nwell-Psubstrate where the photodiode with said structure 

can be implemented by TSMC 1P3M 0.6um process and TSMC 1 P4M 0.35um 

process. 

[0047] Fig. 21 is the simulation result of the photodiode In Fig. 20 where the 
lines with the black and white spots are the photo-currents generated by the 
photodiode in junctions of Pdiffusion-Nwell and Nwell-Psubstrate, respectively. 
[0048] Fig. 22 is the photodiode with showinc a shorting of a PN junction^ which 
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causes the electron-hole pairs being recombined again and again to make the 
junction current become zero such that these exist two kinds of shorting 
connections in this photodiode to yie\d two photo-responses as shown In Fig. 21 . 
In other words, shorting, under oene rai operation, means that the P tarminal serves 
as the output terminal while the N te rminal is nrnunded. in the present invention. 
;shorf means to short-circuit the P and N T erminals bv connecting them together as 
to recombine the electrons and hole s produced on the PN junction over and over 
[0049J Fig. 23 is the color photodiode with an adaptive structure provided by 

this invention where SW1, SW3, .■. and SWn Switch 1. Switch2 and Switnh are 

the switches which are used to generate different photo-responses. 
[0050] Fig. 24 is the simulation results of the photo-responses of the 
photodiode with three PN junctions where the photo-responses generated by the 
first through the third PN junctions are shown from left to right. 
10051 ] Figs. 25 (a) and fb> is the photo-responses of the Pwell-Pepi-Psubstrate 
photodiode fabricated by the TSMC 1 P3M 0.5um process under various reverse 
bias voltages where Fig. 25(b) is the scale-up view of the partial portion of the 
photo-response in Fig. 25(a), the highest curve being generated at the reverse bias 
voltage of 5V, the middle at 3V and the lowest at OV. 

21 

PAGE 28154'RCVDAT SIS2008S:29:19 PM [Eastern Daylight riine]*8VR:^^^^ 



05/08/2086 17:29 20B6S40329 



APEX JURIS, PLLC 



PAGE 29/54 



[0052] Fig. 26 ts the photo-responses of the depletion region ot the Nwell-Pepi- 
Psubstrate photodiode fabricated by the TSMC 1 P3M 0.5um process under various 
reverse bias voltages where the highest curve is generated at the reverse bias 
voltage of 5V, the middle at 3V and the lowest at OV. 

[0053] Fig. 27 is the photo-responses of the Nwelf-Pepi-Psubstrate photodiode 
fabricated by the TSIwIC 1 P3iy/l 0.5um process under various reverse bias voltages; 
from the result it could be found that, when the reverse bias voltage changed from 
OV to 5V, the cun/es of photo- responses almost are the same. 
[0054] Fig§. 28 fa>. (ti'i and <c\ ie grg the photo-responses produced by 
summing photo-responses of two photodiodes at different photo-sensing areas 
where Figs. 28(a). 28(b) and 28(c) are the summed photo-responses of two 
photodiodes fabricated by the TSMC 1P4M 0.35um process, TSMC 1P3M O.Sum 
process and TSMC 1 P3M 0.6um process, respectively. 

[0055] Figs. 29fa). (b) and (c:\ is arg the photo-responses produced by utilizing 
different shorting connections of the photodiodes where Figs. 29(a). 29(b) and 29(c) 
are the photo-responses of the photodiodes fabricated by the TSMC 1 P4M 0.35um 
process, TSMC 1P3M O.Sum process and TSMC 1P3M 0.6um process, 
respectively. 
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[0056] Fig. 30 is the photodiode with three PN junctions. 
[0057J Figg. 31(a), (b) and(c)te ^ the connection topologies of the 
photodiode In Fig. 30 generating red. green and blue where Hgs. 31(a), 31(b) and 
31(c) are the connection topologies for generating blue, green and red, respectively. 
[0058] Fig. 32 is the simulated photo-responses of the photodiode in Fig. 30 
with the connection topologies Ih- of Fig. 31 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0059] The design methods and apparatuses of photodiodes with adaptive 
structures to achieve smooth or wavelength-selective responses of this invention 
are explored based on the following concepts. 

1 . Make the photo-response distribution more uniform dictribut i on by utilizing 
tho way of signal summation, which is beneficial to simplify the design of the color 
filters and back-end color compensation circuits. 

2. Disclose the optimized parameter >^lues for the semioonductor process to 
achieve the uniform distribution of the photo-response and to obtain the maximum 
photo-response as well as the peak value at a specific wavelengths. 

3. Design the photodiode with multiple PN junctions to achieve multiple 

23 

PAGE 3N54* RCVDAT9ffil2008S:29:19 PM [Eastern Daylight Tiine]*SVR:^^^ 



05/08/2006 17:29 2066640329 APEX JURIS, PLLC PAQE 31/54 

waveJength-selective response r. and thin photodiodo aftor an adoquato l ayout 
design dooo not nood th e whereby t h e resultant photodiode does not require th^ 
addhion of color filters to BBnse different colors. 

[0060] Accordingly, it will be explained in detail with the following paragraphs 
aimifl© aimed at the above-mentioned issues: 
1 . Method of linear summation 

[0061 ] The reason why we propose this design method is to obtain the a photo- 
response with a m&re smoother cun^e. Figs. 1 2(a) and (b\ show* the measured 
results of the two differBnt photodiodes utilizing TSMC 1 P3M 0.5um CMOS 
epitaxial wafer process. Fig. 1 3 Is the measured results of the photodiodes with 
red, green and blue filters. From Fig. 13 It is obviously seen that the magnitude of 
the photo-responses vary at various wavelength segments. Because of such 
reason, when we design the color image sensorr we must consider on one hand 
the Impact of the color filter tewai^ with resoect to the original photodiode should 
bo td<on i nto aooount) and on the other hand. e» while desiff nlng the back-end color 
compensation circuit, the photo-responses of the photodiodes with red, green and 
blue filters should be te^en into consideration, which increases the degree of 
design difficulty. Thus tMe the present invention design method has been proposed 

24 

PAGE 31/54 * RCVD AT 5W2006 8:29:19 PM [Eastern DayOght Time] ' SVR:USPTaEFXRF-6/42 * DNIS:273ii300 * €810:21166640329 * DURATION ^in-SS):10-22 



05/08/2006 17:29 206S640329 APEX JURIS, PLLC PAGE 32/54 

to achieve the photo-response shown in Fig. 14 that can be formed by the photo- 
responses of multiple photodiodes, as shown In Fig. 15, with color filters at the 
same transmission rate. 

[00621 The approach of this Invention as shown in Fig. 1 6 is to sum the photo- 
current signals of the photodiodes with various photo-responseSp which means that 
** the several different ohoto signals performs linear combination or addition by 
utilizing multiple photodiodes with various photo-responses so that the overall 
photo-response becomes smooth. Before summation of these photo-current signals, 
adequate gains should be made toward such photodiodes with various photo- 
responses. This invention proposes three ways of generating the photo-currents. 
The first one. as shown in Fig. 17(a), directly changes the area of the lighted region 
of the photodiode, since the value of the induced photo current signal is proportion 
to the lighted area. Hence the area alteration could achieve the purpooo result of 
adjusting the photo-response. The second way is illustrated in Rg. 17(b), which is 
achieved by utilizing the back-end amplification circuits to have different gains, that 
can result in adjusting the photo-responses. The third, which is the combination of 
the above-mentioned two ways, obtains the smooth photo-response by adequately 
detemnining the lighted areas of the photodiodes and the gains of back-end 
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amplification circuits. 

2. Metliods of determining the optimized values of the process parameters 
[0063] mere are many choices to detemriine the values of the process 
parameters for achieving the purpose of the maximum photo-response at a specific 
wavelength. However, since there still are some certain rules to follow due to the 
characteristics of these parameters, this invention try to find a cot provides a se^ of 
optimized process parameters to achieve the required photo-response. 
[0064] Before this, reasonable limitation for the ranges of the parameters used 
in the fabrication process is required. Rrst. the ion doping concentration ranges 
form 1x10'" to 1x10*'(cm"'), of which the minimum concentration Is confined by the 
process technology which still le aves tho opqoo has room for improvement In the 
future evolution of the processri and the maximum concentration is limited by the 
physical structure. Let's take the silicon material as an example, its atomic density 
being Sxlo'^Ccm'^), which means that 1x10^(cm'^) ionic doping concentration 
almost reaches its physical limitation. Next, the practical limitation of the thickness 
of a material layer should be taken into consideration. In general, the minimum 
thicltness would be near lOpm so that the layer could withs tand the pressure during 
fabrication. On the other hand, in considering the impact of the absorption 
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coefficient, the thickness of a material layer could thus be within two to three times 
that of the absorption l ongth thicknegg. For example, the threshold wavelength of 
the silicon substrate is about 1 pm. An incident light wavelength beyond such 
threshold could not emit the electron-hole pairs since its energy is snnalier than the 
energy band of silicon. Hence the absorption length of the incident light with a 
wavelength of 1 pm is about iSOjjm, and thus the thickness range for investigation 
is between 0.01 pm to SOOpm. 

[0065] Next^ simulations of the photo-diode illustrated in Fig. 4 is perfomied, 
where we found that the larger the photo-response is the lower the concentration is. 
The lower Ion doping concentration means the longer lifetime of the minor carriers 
so that it is preferred to make the concentration of doping as low as possible whoro 
so that a the larger photo-response can be obtained. The thickness has to be 
investigated from two parts: the first one determining the thickness of the lighted 
layer and the second determining the thickness of the unlighted layer. It was 
founded that all these pe^ values appear when the thickness of the lighted layer Is 
close to the width of the depletion region. The reason why makos for such a 
phenomena could be explained from the carrier absorption rate. The process from 
the* bv which the P-type and N-type regions are excited by the Incident light Iq. 
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ordgr to generate the electron^hole pairs so that the electron-hole pairs are 
absorbed by the depletion region fe4o forms the photo current. Since the 
generation rate of carriers has logarithmic decay, only at the edge of the depletion 
region the generated electron-hole pairs can efficiently yield the photo currents. 
However, due to a built-in electrical field within the depletion region, the absorption 
rate of the electron-hole pairs within this region could reach 100%. The electron- 
hole pairs inside the depletion region could connpletely fonrk the photo-current. 
Based on such reasonina if we could extend the width of the depletion region to 
the lighted surface, then the electron-hole pairs generated by the lighted layer could 
be completely absorbed for generating the photo-current. 

[0066] The second part is to determine the thickness of the unlighted layer. The 
moro thiok the thioknoco of thicker the unlighted layer is, the higher the photo- 
response i&, which also involves the issue of carrier absorption. What is the 
difference between the lighted and unlighted layers? At the lighted layer, when the 
depletion region extends to cover this layer, the usage ratio of the carriers Is 
maximal. However, at the unlighted layer, when its thickness is increased, its 
absorption rate toward canriers also becomes larger because of more carriers being 
absorbed. That is to say, on the choice of the thickness of the unlighted layer, 
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except for the thickness being selected larger than that of the depletion region, the 
carrier absorption effect is considered so that the thickness of this layer must be 
widened to achieve a larger photo-response. One point should be mentioned here, 
and that is the phenomena of the photo-response not obviously fncreasing after the 
thickness of the unlighted layer reaches two to three times of the diffusion length, 
This is because it is affected by the absorption length. 

[0067J According to the above-mentioned analyses of the physical phenomena, 
there are several conclusions summarized below on Increasing the photo-response. 

(1 ) The carriers from the lighted layer are to be absorbed completely, if 
possible, before reaching the depletion region, so the thickness of the 
lighted layer is designed, that can be filled by the depletion region. 

(2) As thick as possible for the unlighted layer beyond the depletion region, at 
least it should be thicker than the thickness of the depletion region to 
increase the number of carriers being absorbed. 

(3) Decrease the doping concentration if possible. 

[0068] Listed below are several main parameters >A*iich affect the photo- 
response, as represented by Eq- (2.4). This equation is the function of the photo- 
response, where WU represents the depth from the lighted surface to the depletion 
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region, WD represents the thickness of the unlighted semrconductor material, and n 
and p represent the doping concentrations of electrons and holes, respectively. If 
we want to obtain the maximum photo-response, Eq. (2.5) represents how to 
decide the values of the parameters. That Is to say, the width of WU should be as 
near the width of the depletion region as possible, the width of WD should be as 
large as possible, and for the doping concentration It should be as low as possible 
to design a photodlode. If the design criterion Is followed, the maximum photo- 
response would be acquired. 



[0069] If the detailed mathematical equations are explored based on the 
photodiode in Fig. 4, then the photo currents could be interpreted by the following 
three equations: 



R^/{WU,WD,n,p\,, 



(2.4) 



RM»=f^U^ Depletion WD->Max, n -^Min , p ^Mz>^^^ ...(2.5) 






2.7) 
(2.8) 
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[0070] Eq. (2.6) represents the photo-current induced from the N-typed region, 
Eq. (2.7) represents the photo-current induced from the P-typed region, and Eq. 
(2.8) represents the current in the depletion region where Lp and Ln representethe 
diffusion lengths of holes in the N-typed region and electrons in the P-typed region, 
respectively, of which values could be acquired by taking the square root of the 
product of the diffusion coefficient of the electrons (holes) and their mean lifetime. 
TN represents the width of the N-typed region (WN) minus the width of the 
depletion region in the N-typed region (DRN) whereas TP represents the width of 
the P-typed region (WP) minus the width of the depletion region in the P-typed 
region (DRP), 

[0071] From Eq. (2.6), i t oou l d f i nd the impact of the widths of the depletion 
region and the lighted semiconductor tewafd with resoect to the photo-response 
are found . When the width of the depletion region is etoee equal to the thickness of 
the lighted semiconductor, the maximum value of the photo*response oou l d can be 
obtained by using the adoquato dop i ng oonoontratlon lowest concentration in the 
scope of the fabrication technique, which could be understood from the relationship 
between the diffusion length and the absorption length. If it is represented by the a 
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mathematicaf equation, the relationship is illustrated by the followmg mathematical 
expression and analysis. 

[0072] First mako the d i fforont i a l operation towctf d differentiate the Eq. (2.4) 
With respect to the variable TN of tho photo rooponoo by ucing TN . and then two 
maximum values would occur when TN equals 0 or a equals Lp, On the other hand, 
if we perform the differential operation toward TP, the equation of the photo- 
response become a positive formula. That is to say, the photo-response increases 
with TP. AAmte When TP is not considered, two conditions can be applied to mako 
Ca^ch the conclusion on the design method regarding to the single PN junction: 

(1) TN;=0 ( i.e., WN=DRN, and 

(2) a=Lp. 

[0073] The above first condition could be used in the equation of the photo- 
response to derive the following equation. 



[0074] The second condition could be utilized in the equation of the photo- 
response to derive Eq. (2.10) with understanding the relationship between the 
doping concentration and the maximum photo-response under a certain 




(2.9) 
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wavelength. Since a is the a function of wavelengths, and Lp Is the a function of 
concentration, the new function of Eq. (2.10) Is thus obtained, which is the 
relationship between wavelengths and concentration, to be the design criterion. 

10{.3^m«.,^M3,3* = /i.O83xi0"x 6-992x10^^ x j8.527xl0 '° x~^:2^^1^ (2 

V n+2.990xlo'^ V n+1.999xl0" ' 

10) 

In the following, we should discuss about the method of obtaining the peak photo- 
response at a specific wavelength. First, equations of Eqs. (2.6), (2.7) and (2.8) are 
sunnmed up, and then the photo-current equation of the photo-response is obtained. 
Next take out the parameters of a and <pO, and replace them with the functions of 
wavelengths where a could be replaced by Eq. (2.3) and <pO could be replaced by 
Eq. (2.1). Next the other parameters should be replaced with the functions of 
concentration by utilizing Eqs. (2.9) and (2.10). After two replacements, the photo- 
current equation could be interpreted as a function of wavelength and concentration. 
Now it is assumed that the peak value of the photo-response appears at A1 . The 
differential operation toward with respect t^ A Is performed in Eq. (2.11) to obtain Eq. 
(2.12)yi nexti A is replaced by A1 In Eq. (2.13), and then the differential equation is 
solved to make itself equal to zero. The whole process could be illustrated in the 
following three equations. 
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R^fiA,n,p,v) ^^^^^ 

. . (2-12) 

^ (2.13) 

[0075] As mentioned above by utilizing Eqs. (2.11), (2.12) and (2.13), the 

values of the process parameters for yielding the peak photo-response can thus be 
adequately determined. 

3. Design method of the photodlodes without color filters 
[0076] The number of PN junctions formed by the material layers from the 
commercial process is very small. Fig. 18 shows the material layers of the TSMC 
two processes for designing photodlodes. From such figure, the staicture wHh two 
PN junctions is the P+_NweiLPsubstrate photodiode. The layers of the PN junction 
with different thickness generate different photo-response. Hence, this invention 
proposes the photodiode with multiple PN junctions as shown in Fig. 19 to provide 
multiple sets of photo-responses for selection. 

[0077] Next we consider the way of how to separate and take out one from 
multiple sets of the photo-response. The basic principle of this invention could be 
Illustrated first from the Pdiffusion-Nwell-Psubstrate structure using the TSMC 
1 P3M 0.6um CIVIOS process, as shown in Fig. 20, with two PN junctions which are 
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Pdiffusion-Nwell and Nwell-Psubstrate. The photodlode with this Pdiffusion-Nwell- 
PsubstratG stmcture could provide two sets of photo-responses. The total photo- 
response of the photodiode is the sum of the photo-currents contributed by these 
two FN. The photodiode with different depths of the PN Junctions and different 
concentrations of the ion doping in each layer yields different photo-responses. Fig. 
21 is the simulation result by utilizing the Pdiffusion-Nwell-Psubstrate photodiode. 
From that simulation result, It eeul4 c§ri be seen that the photodiode has two sets 
of photo-responses due to its two PN junctions. Now if we want to take out one of 
these two sets of photo-responses, the scheme we use is to short the PN junction 
that we do not want. Fig. 22 shows the photodiode with shorting a PN junction. 
Once the PN junction is to be shorted, the electron-hole pairs generated within this 
PN junction are recombined, and thereby the photo-current contributed by such 
junction would be erased. That is to say, if we short Pdiffusilon and Nwell layers, 
the photo-response having a peak value at a short wavelength of such layers would 
be disappear. On the contrary, if we short the Nwell and Psubstrate layers, the 
photo-response having a peak value at a long wavelength would be erased where 
the photodiode just has only the photo-response of the Pdlffuslon-Nwell junction. 
[0078] Utilizing such kind of Idea, the following structure is proposed to design 
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the photodiode with yiolding that viQlds multiple photo^ responses. As shown in Fig. 
23, if the process could provide multiple PN junctions with various depths, each 
junction has a different photo-response. Next we design switches which could short 
PN junctions. Utilizing each switch to detennine the usage of each PN junction or 
not, this Invention could thus efficiently obtain the required photo-response undor 
with adaptive control. Fig. 24 shows the simulation result of the photodiode with 
three PN junctions, 

[0079] According to the analysis results of the previous paragraphs, It could be 
found that if we try to efficiently obtain the different photo-responses in a 
photodiode, we could achieve them by altering the amount of the induced currents 
from the N-type semiconductor, the depletion region and P-typed semiconductor, 
Qohiovo ouch purpooo, comoono propoood to util i zo tho way of This result is 
achieved bv controlling the reverse bias voltage, of which basic principle is to alter 
the width of the depletion region by using the reverse bias voltage. Once the width 
of the depletion region is altered, the boundary values of the N-typed and P-typed 
semiconductors are altered also, which influence the overall photo-response to 
achieve the purpose of shifting the peak value of the photo-response. However, as 
for the practical implementation which could be seen from the simulation result as 
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shown in Fig. 25, when the reverse bias voltage is Ijetween 0 and 5V, the overall 
photo-response is almost unaltered at different reverse bias voltages. The reason 
can be observed from Rg. 26. When the reverse bias voltage is changed from OV 
to 5V, the change in the depletion region is less than 1 Mm, which makes causes 
the overall photo-response Ifi be dominated by the induced current from the P- 
typed semiconductor. As shown in Fig. 27, the measurement result of the Nwell- 
Epl-psubstrate photodiode illustrates that the effect of utilizing the reverse bias 
voltage to control the photo-response is not obvious. 

1 . Explanation of the preferred embodiment: 
[0080] Fig. 28 shows the overall photo-response by using the signal summation 
of the two photodiodes with different photo-responses under various areas. We can 
find that under a specific condition of the area ratio, a set of photo-response with 
the moot omooth smoothest curve can be achieved. The experiments d i ooovorod 
from F i goi a8(a), 28(b) and 28(o) demonstrate the practicability of linear summation^ 
as is reveal ed in Fios. 28fa). 28{h\ and 2BteV This invention adds the signals of 
several photodiodes with different photo-responses and with different photo- 
sensitive areas to acquire the demanded photo-response. 
[0081] Fig. 29 is the measured result of the Pdiffusion-Nwell-Psubstrate 
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photodiode fabricated by the TSMC. The peak value of the photo-response is 
moved to the position at a short wavelength when the Nweil and Psubstrat© are 
shorted^ or connected together through the conducting metal. On the other hand, 
when the Pdiffuslon and Nwell are shorted together, the peak value of the photo- 
response is moved to the position at a long wavelength. From such figure we could 
see clearly that, in the same photodiode, the peak value of the photo-response can 
be shifted by shorting some semiconductor layers. Besides, we make simulations 
utilizing the photodiode with three PN junctions, of which concentration and 
thickness in each layer are depicted in Fig. 30. In chip layout, let's take switches 
using the CMOS transistors to short three different junctions, as shown In Fig. 31 , 
so that we could obtain red, green and blue photo-responses in a single photodiode. 
Fig. 32 is the simulation result of this photodiode with three PN junctions. 
[0082] The photodiode with multiple PN junctions is designed to sense multiple 
colors by shorting some PN junctions. In other words, the photodiode with adaptive 
PN junctions can select the peak value of the photo-response at a specific 
wavelength. Utilizing such an approach, we could can fabricate the a photodiode 
w i th s e ns i ng that senses multiple colors without using color filters when the 
adoquato appropriate values of the process parameters are used. 
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Characteristics and effects: 

[0083] The design nnethods and apparatuses of phofodiodes with adaptive 
structures to achieve smooth and wavelength-selective photo-responses provided 
by this invention have the following advantages In comparison of Mil the other 
conventional methods and devices. 

1 , This invention utilizes the pholodlodes with different photo- responses and 
different photo-sensing areas or connects the photodlodes to the back-end 
amplifiers with different gains. Next, linear addition is performed toward 
the photo-responses from these photodiodes, and then a set of curve §st 
with a large value at each wavelength is obtained^ which is also smooth. 
The object of this invention is to improve the non-uniform distribution of 
the photo-response of the photodiode In wavelengths of visible light. In 
addition, it also aids to eimply simplify the design of the back-end color 
compensation circuits. 

2. This invention concludes some schemes of determining the values of the 
process parameters. These schemes can help to make a good use of 
physical characteristics of the photodiode In order to increase the photo- 
response of the photodiode and to yield the peak value of the photo- 
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response of the photodiode and to yield the peak value of the photo- 
response at a specific wavelength. 
3. This Invention explores the feasibility of the color photodiodes without the 
use of color filters and provides a layout scheme to adapt the photo- 
response of tlie photodiode. Since the PN junctions with different depths 
generates the photo-responses with peak values at different wavelengths, 
by utilizing such principles, the photodiode with multiple PN junctions can 
have multiple photo-responses. Next^ we make switches in a photodiode 
to select a specific photo-response and thus this photodiode can 
adaptively sense different colors. 
[0084] Many changes and modifications in the above described embodiment of 
the invention can, of course, be carried out without departing from the scope 
thereof. Accordingly, to promote the progress in science and the useful arts, the 
invention Is disclosed and Intended to be limited only by the scope of the appended 
claims. 
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